Impact of high-speed jet (HSJ) treatment on morphology, crystalline structure, retrogradation, thermal and rheological properties of Arenga pinnata (Wurmb.) Merr starch (APS) was investigated. Decreasing with the number of HSJ treatment passes were the turbidity values of pastes (long-term retrogradation), the gelatinization enthalpy, and the crystallinity. Scanning electron microscopy showed APS granule structure was degraded into tiny round particle and thin sheet structures. X-ray diffraction illustrated that the C-type X-ray pattern was changed toward a weak A-type X-ray pattern. With further increases in the number of passes, the weak A-type pattern was changed to amorphous pattern. Dynamic oscillation analysis revealed that HSJ treatment significantly altered the viscoelasticity of APS. During a dynamic frequency sweep, G′ values and G″ at 10 Hz decreased from 589.9 Pa (HSJ0) to 194.9 Pa (HSJ8) and from 101.6 Pa (HSJ0) to 24.5 Pa (HSJ8), respectively, implying that HSJ treatment had a great influence on the elasticity of the APS gel. The results indicated that degradation of APS granular and crystalline structure was mainly involved and HSJ treatment was a potential physical modification technique.
Introduction
Arenga pinnata (Wurmb.) Merr is an economically important feather palm native to tropical Asia, from eastern India to Malaysia, Indonesia, the Philippines in the east, and China in the southwest. Arenga pinnata (Wurmb.) Merr starch (APS) is an important source of starch in subtropical and tropical countries. It is usually prepared from the pith of Arenga (species A. pinnata (Wurmb.) Merr). [1] Physicochemical properties of APS, including pasting properties, water absorption, solubility, swelling power, thermal properties, rheological properties, and crystalline and molecular structure, have been extensively researched by various researchers. [1] [2] [3] [4] [5] [6] [7] [8] Starches from various botanical origins differ in their physical and functional properties, depending on composition, the ratio of amylose to amylopectin, crystalline structure, molecular structure, and minor endogenous constituents such as lipids and proteins. [9] Meanwhile, the applications of native starch are usually limited due to its drawbacks. Most starch is modified by physical modification, chemical modification, and biotechnological modification to alter its functionality that make them ideally suited for applications in food products. [10, 11] However, researches on the APS modification were few, especially physical modification. It is reported that heat moisture treatment could reduce gelatinization enthalpy, swelling power, viscosity of APS pastes and increase gel point concentration and hardness of APS pastes. [2] High-speed jet (HSJ) was an ultrahigh velocity jet homogenizer and was model of liquidsolid impact, which was different from dynamic high-pressure microfluidization that was model of liquid-liquid impact. Meanwhile, HSJ was different from jet cooking and spray cooking that requires temperature. [12] HSJ was shown to a good physical modification of starch and it could significantly alter solubility, rheological and thermal properties, morphology, and crystalline and molecular structure of starch. [12] [13] [14] [15] [16] [17] [18] Presently, the study subject of HSJ modification was focused on rice starch and tapioca starch, which were A-type starches. According to X-ray diffraction (XRD) patterns, starches can be classified into A-type, B-type, and C-type, respectively. In this work, APS had a C-type pattern crystalline structure and was chosen as the study subject. Degradation of APS and its rheological properties induced by HSJ were further investigated.
Materials and methods

Materials
APS, which had 59.2% amylose content, 0.26% lipid content, and 1.1% protein content, was prepared from A. pinnata (Wurmb.) Merr cultivated in Longzhou county, Guangxi province, China. All other reagents were analytical grade.
High-speed treatment
According to the published method with modifications, [12] the starch slurry (1:5) was treated by HSJ at pressures of 200 MPa for different cycles (0, 2, 4, and 8 passes), which were labeled as HSJ0, HSJ2, HSJ4, and HSJ8, respectively. After HSJ treatment, the samples were freeze-dried and then ground for analysis.
Scanning electron microscopy
APS samples were simply deposited onto carbon tape stuck on a specimen holder using a silver plate and coated with a thin film of gold in a vacuum evaporator. The obtained specimens were observed in a scanning electron microscope (SEM; Phenom Pro 05, Phenom, Netherlands) at high voltage (10 kV) to confirm the morphology of APS samples.
X-ray diffraction
X-ray scattering measurements of native and digested APS samples were performed using an XRD DI SYSTEM (BEDE Group, UK) with Cu K a radiation at 40 kV and 30 mA. XRD data were collected for 2θ between 5°and 45°at a scanning rate of 0.5°/min at room temperature using a published method. [12] Relative crystallinity was calculated as the area ratio of the crystalline sharp peak over the total area using Origin 8.6 software (OriginLab Corporation, Northampton, MA, USA). [14] Duplicate analyses were performed on each sample
Fourier-transform infrared spectroscopy
The Fourier-transform infrared (FTIR) spectra of the APS samples were obtained using a FTIR spectrometer (Bruker TENSON II, Germany). For each spectrum, 16 scans were obtained at a resolution of 4 cm −1 . A background spectrum was recorded against an empty cell. The ratios of absorbance height 1,045/1,151 and 1,047/1,022 cm −1 were calculated to represent the long-range and short-range ordered structure of starch. [19, 20] Duplicate analyses were performed on each sample.
Differential scanning calorimetry analysis
The thermal properties of APS treated by HSJ treatment were investigated by a differential scanning calorimeter (DSC; Q2000 DSC; TA Instruments, New Castle, DE, USA). The HSJ treatment samples were weighted into a pan and pure water was added (starch to water ratio = 1:3 (w/w)). The pan was hermetically sealed and a sealed empty pan was used as a reference. Samples were heated from 20℃ to 110℃ at a heating rate of 10 C/min. Duplicate experiments were performed for each sample. [12] Dynamic oscillatory analysis
Rheological properties were measured with a Haake Mars III rheometer (Thermo-Fisher Scientific, Waltham, MA USA) using a parallel metal plates with a diameter of 35 mm and a gap of 1,000 μm. Hundred milligrams of starch sample (db) were added into 1.0 ml water and then vortex blended. Then, the experimental conditions were based on a previously published description. [12] The frequency sweep data were modeled with the following equation:
where G′ is storage modulus (Pa), f is frequency (Hz), and K G′ is the slope.
Turbidity analysis
Turbidity determination followed a previously published description. [21] Starch suspensions (0.125%, 0.05 g (db) + 40 ml water) were prepared in 50-mL centrifuge tubes. The screw-capped centrifuge tube was immersed in a boiling water bath for 60 min with continuous gentle stirring, then cooled for 20 min in a 25 ± 2°C water bath with frequently vortex mixing. Initial turbidity was determined by absorbance at 640 nm [22] using a UV/visible spectrophotometer (Thermo Fisher Scientific, Waltham, MA USA). The centrifuge tubes containing the remaining starch pastes were stored in a refrigerator at 4°C. After 1, 3, 5, 7, 11, and 14 days at 4°C, the centrifuge tubes were vortex mixed, and A640 was measured. Duplicate analyses were performed on each sample.
Statistical analyses
Data processing and analysis were dealt with in Origin 8.5 (OriginLab Corporation, Northamptaon, MA, USA) and significant differences between the results were calculated by analysis of variance. Differences at p < 0.05 were considered to be significant.
Results and discussions
Starch granular structure
Physical modification could significantly influence starch structures, such as packing arrangements and the overall structures of starch granules. [10] HSJ treatment as a nonthermal treatments and highpressure physical treatment had significant impacts on APS structure.
The SEM pictures of APS treated by HSJ at 200 MPa for different numbers of passes (0, 2, 4, and 8 passes) were displayed in Figure 1 . The most of untreated APS granules (HSJ0) were oval and kidney shapes and the size from 10 to 75 µm in diameter (Figure 1a) . After 2 passes, the bigger granules disappeared and the remaining granules were covered a thin film. Meanwhile, flake structures were formed (Figure 1b) . After 4 passes, the APS granules were almost degraded. Small microparticle and some rod-like structures were observed. Abundant sheet structures were also observed ( Figure 1c) . With further increases in the number of passes, the native APS granules were completely out of sight. Some tiny round particles were formed and some holes were present to the thin sheet structures. The results showed that HSJ could significantly destroy and change the APS granule structure. Fu et al. [14] reported that after HSJ treatment, the rice starch granules were disrupted and exhibited partial gelatinization. Xia et al. observed that size of tapioca starch increased with increasing the treated pressure. [18] Fu et al. [12] also indicated that rice starch granules significantly disrupted and more aggregation was apparent with increases in the number of treated passes. However, compared with the degradation of A-type starch granules (rice and tapioca starch) induced by HSJ treatment, the C-type starch granule (APS) displayed a different degradation manner. In general, C-type starches consist of A-and B-type polymorphs; meanwhile, the A-type crystallites and B-type crystallites had different structures. [23, 24] APS granules had a mixture of A-and B-type polymorphs. Therefore, the differential degradation might be caused by the internal crystalline structure and molecular organization.
Starch crystallinity and molecular order
As the APS granules were destroyed, the starch crystal structure might be disrupted. The XRD patterns of native APS and treated samples were presented in Figure 2 . The native APS showed a C-type pattern as identified by strong peak at about 5.7°, 15.1°, 17.1°, 17.9°, 20.1°, and 23.0°2θ, which was a mixture of A-and B-type patterns. After 2 passes, the peak at 5.7°was disappeared and the peak at 17.1°was weakened, which were the characteristic peaks of B-type X-ray pattern. [24] Meanwhile, the peaks at 15.1°, 17.1°, and 17.9°were the characteristic peak of A-type X-ray pattern. [24] XRD illustrated that the C-type X-ray pattern was changed toward a weak A-type X-ray pattern. With further increases in the number of passes, the weak A-type pattern was changed to amorphous pattern. After HSJ treatment, the intensity of these peaks decreased with increasing the number of treated passes. The relative crystallinity also decreased with increasing the number of treated passes. The results were in agreement with SEM analysis, which was also similar with our previous results. [12] Other high-pressure treatment methods, such as high-pressure homogenization and high hydrostatic pressure, have also been observed to destroy and alter the starch crystalline structure. Liu et al. [25] reported that corn starch treated by high-pressure homogenization underwent a clear transformation from B-type XRD pattern toward an amorphous pattern. It has been reported that native rice starch treated by high hydrostatic pressure underwent a clear transformation from an A-type toward a weak B-type pattern. [26] HSJ treatment induced significant changes of granular and crystal structure of APS. Thus, molecular order of APS was further analyzed by FTIR spectra. FTIR was sensitive to the changes of structure on a short-range molecular level. [19] The absorbencies at 1,047 and 1,022 cm −1 were associated with the ordered short-range molecule and amorphous phase, respectively. So in general, the ratio of absorbance at 1,047 and 1,022 cm −1 was calculated to represent the short-range ordered starch. [20] The absorbance ratios of the APS samples were displayed in Table 1 . The absorbance ratios of the APS samples deceased with increasing of the treated passes and the values of the ratios were 0.673 (HSJ0), 0.506 (HSJ2), 0.348 (HSJ4), and 0.227 (HSJ8), respectively. The FTIR results were consistent with the analysis of XRD and SEM, indicating that HSJ treatment destroyed the crystal structure and decreased the molecular order of APS. The absorbance ratio could also be used as an index to characterize the short-range alignment of double helices. [27] Thus, the results also implied that the HSJ treatment could disrupt the double helix structure of APS.
Thermal analysis
The disruptions of the overall and crystal structures of APS granules were further demonstrated by DSC analysis. The gelatinization enthalpies (ΔH) of the APS samples were displayed in Table 1 . The values of ΔH were 21.06, 19.23, 11.90, and 2.08 J/g, respectively (Table 1) . It decreased with increasing the treatment passes, exhibiting that HSJ treatment could reduce the ΔH of APS. It was also reported that HSJ treatment could decrease the ΔH of tapioca starch [18] and rice starch. [14] Fu et al. [12] also further suggested that HSJ treatment might make the order structure transform to amorphous fraction, which was in agreement with the FTIR results.
Turbidity analysis
Changes in turbidity of native and HSJ-treated APS pastes were displayed in Figure 3 . The values of the turbidities of the APS suspensions increased gradually during storage at 4℃. At the initial storage stage, HSJ2 and HSJ4 samples had the higher turbidity values than native APS (HSJ0); the HSJ8 sample showed the lowest turbidity values. After 7 days, the native APS (HSJ0) had the highest turbidity values than that of the HSJ-treated samples. And the turbidity values decrease with increasing of the treated passes. Fu et al. [13] reported a similar result and suggested that degradation 1.24% 0.348 ± 0.003c 11.9 ± 0.85c HSJ8 0.55% 0.227 ± 0.004d 2.08 ± 0.63d
The significance for "a, b, c and d" is P<0.05. Figure 3 . Turbidity of native and HSJ-treated APS pastes during storage at 4℃.
of starch polymer structures was responsible for the changes in turbidity. Turbidity changes during storage were also affected by swollen granules, granule fragments, soluble amylose, and amylopectin molecules and their structures, interaction between amylose and amylopectin. [21, 28] Rheological properties
Rheological analysis is applied to non-destructively study the starch structural information. [29] Dynamic oscillatory curves of APS treated by HSJ for different cycles were showed in Figure 4 . During controlled heating stage, storage modules (G′) of samples (HSJ0 and HSJ2) increased significantly after 60℃ due to the starch samples gelatinization; however, G′ values of HSJ4 and HSJ8 samples decreased slightly (Figure 4a ). Because the granules and crystalline structures of HSJ4 and HSJ8 samples were destroyed and almost changed into amorphous structure, they were easy to hydrate to form gel. Thus, at the initial temperature, the HSJ8 had the highest G′ value. As temperature increased, the molecular mobility increased and resulted in decrease of G′ mildly. At the end temperature, the HSJ0 showed the highest G′ value and G′ values decreased with the number of passes increased, which was due to the degradation of APS treated by HSJ treatment. The loss modulus (G″) had the same trend of G′ (Figure 4c ). During controlled cooling from 95℃ to 25℃, G′ of all samples increased slightly. G′ of native APS (HSJ0) at 25℃ was higher than that of the HSJ-treated samples (Figure 4b) . Meanwhile, the G′ values were higher than that of G″ (Figure 4d) , indicating that the all sample gels were more solid-like than liquid-like. [30] A dynamic frequency sweep is frequently used to gain further insights on the structure of biomacromaterials. [12, 31] A dynamic frequency sweep (0.1-20 Hz) was applied to measure the viscoelastic properties of the gels (Figure 4e-f) . G′ and G″ decreased as the number of passes increased. Meanwhile, G′ values were always higher than the G″ values. G′ and G″ values at 10 Hz decreased from 589.9 Pa (HSJ0) to 194.9 Pa (HSJ8) and from 101.6 Pa (HSJ0) to 24.5 Pa (HSJ8), respectively, as the number of passes increased. However, the loss tangent (tan δ) increased from 0.0876 (HSJ0) to 0.0994 (HSJ8) as the number of passes increased. The results suggested that HSJ treatment made the resulting APS starch gels less elastic and more liquid-like. Fu et al. [12] also reported similar result that HSJ treatment made the resulting rice starch gels less elastic and more liquid-like. The data of dynamic frequency sweep were modeled by Eq. Rheological properties of native starches depended on granular structure, molecular structure, and crystalline structure. [32, 33] Meanwhile, degradation was also responsible for the change of viscoelasticity. [13, 34] Therefore, the change and degradation of the APS structure might be resulted in the changes in rheological properties.
Furthermore, it has been previously found the amylose and amylopectin molecules of starch, especially the amylopectin molecules, were degraded by HSJ treatment. [13] The larger starch (amylopectin) molecules were gradually degraded into smaller molecules as the number of treated passes increased. [13] The extent of the degradation increased with an increase in the number of HSJ treatment passes and was accompanied by a decrease in paste viscosity, gelatinization enthalpy, and paste turbidity and the changes in rheological properties. [13] Also, Further investigations are needed to clarify the mechanism of HSJ degradation of APS molecules.
Conclusion
HSJ treatment significantly changed the retrogradation and rheological properties of APS due the degradation of granular and crystalline structures. The turbidity values of pastes (long-term retrogradation), the G′ values and G″ of APS gel, and the crystallinity were decreased with increasing of the number of HSJ treatment passes. APS granule structure induced by HSJ treatment was degraded into thin sheet structures and the C-type X-ray pattern of APS was changed toward a weak A-type X-ray pattern. With further increases in the number of passes, the weak A-type pattern was changed to amorphous pattern. HSJ treatment significantly transformed the viscoelasticity of APS and had a great influence on the elasticity of the resulting APS gel. The results indicated that degradation of APS granular and crystalline structures was mainly involved and HSJ treatment was a potential physical modification technique, which might expand the potential application of APS after modified using HSJ in preparing food colloidal system and gelatinizing agent. Digestibility of APS and changes in starch molecular structure treated by HSJ will be further researched. 
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